Objective: We have recently demonstrated that endothelial nitric oxide synthase (eNOS) promotes cardiomyocyte proliferation. However, mechanisms by which eNOS regulates cardiomyocyte proliferation are not fully understood. The goal of the present study was to investigate the role of tissue inhibitor of metalloproteinase-3 (TIMP-3) in eNOS-mediated cardiomyocyte proliferation. Methods and results: Experiments were conducted in cultured neonatal mouse cardiomyocytes. TIMP-3 expression was significantly decreased in wild-type (WT) cardiomyocytes treated with an adenoviral eNOS (Ad-eNOS). Furthermore, TIMP-3 levels were significantly decreased in cardiomyocytes derived from eNOS transgenic mice. Conversely, TIMP-3 transcript levels were significantly elevated in eNOS −/− cardiomyocytes. The inhibitory effect of NO on TIMP-3 expression was dependent on S-nitrosylation of c-jun, a subunit of AP-1.
Introduction
NO is produced by a family of NO synthase (NOS) enzymes from the guanidino group of L-arginine in an NADPH-dependent reaction. There are three isoforms of NOS encoded by distinct genes and expressed in a variety of tissues and cell types: neuronal (nNOS), inducible (iNOS) and endothelial (eNOS) [1] . All three NOS isoforms are expressed in the heart with eNOS as the predominant isoform, which is expressed in the endothelium, endocardium and in cardiomyocytes [1, 2] . NO produced from eNOS is an important signaling molecule involved in cardiomyogenesis, angiogenesis and cell survival [3] [4] [5] . We recently demonstrated that eNOS is important in fetal and postnatal heart development [6, 7] .
During fetal and early neonatal development, the heart grows through active cardiomyocyte proliferation and hypertrophy [8, 9] . This is followed by eventual cessation of cardiomyocyte proliferation in the adult heart, where all remaining growth occurs by cardiomyocyte hypertrophy. The switch from hyperplastic to hypertrophic growth occurs in about a week after birth in rodents [9, 10] . NO production from eNOS promotes cardiomyocyte proliferation and contributes to heart development in early postnatal life [6, 7] . However, mechanisms by which eNOS regulates cardiomyocyte proliferation are not fully understood. The tissue inhibitor of metalloproteinases (TIMPs) are a family of four homologous proteins that regulate extracellular matrix homeostasis through regulation of matrix metalloproteinases (MMPs) [11] . All four TIMPs are expressed in the myocardium. The expression of TIMP-1 and -3 is inducible and regulated by AP-1 [12] . TIMP-2 is constitutively expressed and TIMP-4 expression is mostly cardiac-specific [13] . Unique among the TIMP family, TIMP-3 is sequestered in the extracellular matrix, expressed at high levels in the heart, and is a potent inhibitor of all known MMPs as well as of several a disintegrin and metalloproteinase (ADAM) enzymes implicated in cardiac pathology [14] . Deficiency of TIMP-3 leads to progressive dilated cardiomyopathy in aged mice with characteristic matrix degradation, cytokine activation, and cardiac remodeling [15] . Furthermore, TIMP-3 appears to play a role in cell survival and cell cycle regulation [15, 16] . However, the role of TIMP-3 in cardiomyocyte proliferation is not known.
S-nitrosylation, the covalent attachment of a nitrogen monoxide group to the thiol side chain of cysteine, has been recognized as an important mechanism for dynamic, posttranslational modulation of protein function [17] . NO can inhibit the activity of the transcription factor AP-1 through S-nitrosylation of its subunits (c-jun/c-fos) [18] . Since AP-1 is an important transcription factor for TIMP-3, it is possible that NO may regulate TIMP-3 expression via S-nitrosylation of AP-1. In the present study, we hypothesized that NO produced from eNOS inhibits TIMP-3 expression via S-nitrosylation of AP-1. We further hypothesized that inhibition of TIMP-3 promotes cardiomyocyte proliferation. To test these hypotheses, a primary cell culture model of neonatal mouse cardiomyocytes was employed. Neonatal cardiomyocytes were obtained from eNOS −/− , eNOS overexpressing mice, TIMP-3 −/− and corresponding wild-type mice. Changes in cell proliferation were further confirmed in vivo. Our study suggests that eNOS promotes neonatal cardiomyocyte proliferation by inhibiting TIMP-3 expression.
Methods

Animals
Wild-type (WT), eNOS −/− and iNOS −/− mice of the genetic background C57BL/6 were obtained from Jackson Laboratories (Bar Harbor, ME). TIMP3
−/− and cardiac specific eNOS transgenic (eNOS-Tg, line 23) mice were generated as described previously [19, 20] . The eNOS-Tg mice were backcrossed to C57BL/6 for more than 15 generations. A breeding program was carried out to generate neonates for this study. The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Isolation and culturing of neonatal mouse cardiomyocytes
The neonatal cardiomyocyte cultures were prepared from mice born within 24 h as in our previous reports [7, [21] [22] [23] [24] . Non-cardiomyocytes were removed through 1 h of preplating after which cardiomyocytes were plated in M199 medium containing 10% fetal calf serum (FCS) on culture plates precoated with 1% gelatin (Sigma, Oakville, ON). Neonatal cardiomyocytes were incubated at 37°C and 5% CO 2 in a humidified chamber. A subconfluent monolayer of spontaneously beating cardiomyocytes was formed within 2 days. Purity of cardiomyocytes determined by cardiac muscle sarcomeric α-actinin staining was 95% after 72 h of cell culture [7, 22] .
Cellular proliferation
To determine the effect of TIMP-3 on cardiomyocyte proliferation, neonatal cardiomyocytes isolated from WT, TIMP-3 −/− eNOS −/− , and eNOS-Tg mice were cultured as described above and seeded at a cell density of 100,000 cells/ well in 96 well plates precoated with 1% gelatin. Eighteen hours following cell seeding, cardiomyocytes were treated with 1 μg/ml recombinant mouse TIMP-3 (rTIMP-3; EMD Biosciences, San Diego, CA) or TIMP-3 antibody (1:75 dilution, Santa Cruz Biotechnology Inc, CA) in M199/10% FCS and cultured for another 54 h. Cellular proliferation was first assessed by cell counts using a haemocytometer by two investigators. Cellular proliferation was also measured using a fluorescence-based assay (CyQUANT Cell Proliferation Assay Kit; Molecular Probes, Eugene, Oregon) as per manufacturer's instructions. Fluorescence was measured in a Victor3 multilabel microplate reader (Wallac) using excitation and emission wavelengths of 480 and 520 nm, respectively. A standard curve was created to convert sample fluorescence values into cell numbers.
In vivo cardiomyocyte proliferation was determined by nuclear Ki67 immunostaining on postnatal (day 1) heart sections similar to our previous report [7] . Briefly, heart sections were incubated with primary antibodies, anti-Ki67 (1:400, Lab Vision, Fremont, CA) and anti-atrial natriuretic peptide (ANP, a marker for cardiomyocytes, 1:200, Santa Cruz, CA). This was followed by incubations of respective secondary fluorescent antibodies. Hoechst 33342 was used to stain nuclei. Data are expressed as the percentage of Ki67-positive nuclei in cardiomyocytes.
Adenoviral infection of neonatal mouse cardiomyocytes
Overexpression of eNOS in WT neonatal cardiomyocytes was accomplished through the introduction of adenoviral vectors containing the bovine eNOS gene as we described [24] . Viral vectors containing green fluorescence protein (GFP) served as negative controls. Cells were infected with 1 plaque forming unit/cell and incubated for an hour in the presence of minimal volume of M199 with 2% FCS containing the adenoviruses. Following the 1 h incubation, full volume of 10% FCS M199 was applied. Cells were incubated for an additional 24 h and subsequently harvested.
Measurement of NO production
NO production was measured in living cardiomyocytes using a membrane-permeable fluorescent indicator 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM-DA, Molecular Probes, Eugene, Oregon) as we recently described [22] . The fluorescence produced by NO production was measured using a Victor3 multilabel microplate reader (Wallac) using excitation and emission wavelengths of 485 and 515 nm, respectively. The results are expressed as arbitrary units of fluorescence.
Immunoprecipitation and determination of S-nitrosylation
To analyze S-nitrosylation of AP-1, immunoprecipitation was performed. Briefly, 1 mg protein lysate from cardiomyocytes was incubated with a rabbit polyclonoal c-jun antibody (1:200, Cell Signaling Technology, MA) for 3 h. The immunocomplex was captured using protein G-agarose (Santa Cruz Biotechnology, CA). The immunoprecipitated material was eluted and samples were incubated with 100 μM mercuric chloride (HgCl 2 ) for 10 min at 37°C to release NO from Snitrosylated AP-1. The levels of NO were measured using DAF-FM (1 μM). In addition, S-nitrosylation of immunoprecipitated c-jun was directly measured by non-reducing Western blot analysis. Samples were run on 10% polyacrylamide gels using anti-S-nitroso-cysteine antibody (1:1000, Sigma, Oakville, ON). The levels of S-nitrosylated c-jun protein were determined using densitometry.
Determination of TIMP-3, p21 and p27 mRNA by realtime RT-PCR
Total RNAwas extracted from cardiomyocytes using Trizol as previously described [23, 24] . cDNA was synthesized using M-MLV reverse transcriptase (Invitrogen, Burlington, ON). Real-time PCR was conducted using SYBR Green PCR Master Mix as per manufacturer's instructions (Eurogentec, San Diego, CA). 28S rRNA (house keeping gene) was used as a loading control. The primer sequences were as follows: TIMP-3 upstream 5′ GAT GCC TTC TGC AAC TCC GA 3′ and downstream 5′ CGG TCC AGA GAC ACT CAT TC 3′; p21 upstream 5′AGT GTG CCG TTG TCT CTT CG3′ and downstream 5′ACA CCA GAG TGC AAG ACA GC 3′; p27 upstream 5′ TCG CAG AAC TTC GAA GAG G 3′ and downstream 5′ TGA CTC GCT TCT TCC ATA TCC 3′ [25] ; 28S rRNA upstream 5′ TTG AAA ATC CGG GGG AGA G 3′ and downstream 5′ ACA TTG TTC CAA CAT GCC AG 3′.
Samples were amplified for 34 cycles using MJ Research Opticon Real-Time PCR machine. The levels of TIMP-3, p21 and p27 were compared to that of 28S rRNA, and the relative expression of these genes was obtained.
Western blot analysis
TIMP-3 protein levels were assessed by Western blotting. Briefly, cell lysates containing 50 μg of protein were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 12% gels, followed by electrotransfer to polyvinylidene difluoride membranes. Blots were probed with antibodies against TIMP-3 (1:200; Santa Cruz Biotechnology, CA) and α-actinin (1:2000; Sigma, Oakville, ON) followed by incubation with horseradish peroxidase-conjugated secondary antibodies (1:2000; Santa Cruz Biotechnology, CA). Detection was performed using an ECL chemiluminescence detection method. Signals were determined by densitometry and levels of TIMP-3 to α-actinin are presented.
Measurement of apoptosis
Caspase-3 activity was assessed using the BIOMOL QuantiZyme Assay System (AK-700) as described previously [6, 22] . Briefly, cell lysates containing 20 μg of protein were incubated at 37°C for 16 h with the caspase-3 substrate Ac-DEVD-AMC in the presence or absence of the inhibitor Ac-DEVD-CHO. Fluorescent intensity was measured with the Victor3 multilabel microplate reader (Wallac) using excitation and emission wavelengths of 360 and 460 nm, respectively. Data are presented as the amount of AMC substrate cleaved/μg protein.
Terminal deoxynucleotidyl transferase d-UTP nick end labeling (TUNEL) staining on cultured cardiomyocytes was performed using an In Situ Cell Death Detection Kit (Roche Diagnostics, Switzerland) as our previous reports [21, 22] . Data are expressed as the average percent of TUNEL positive nuclei by two independent observers.
Statistical analysis
Data are presented as mean ± SEM or ±SD. Student's t test, one-or two-way ANOVA followed by Student-NewmanKeuls test were performed. P b 0.05 was considered statistically significant.
Results
NO from eNOS inhibits TIMP-3 mRNA expression in cardiomyocytes
To determine whether NO produced from eNOS can modulate TIMP-3 expression, mouse neonatal cardiomyocytes were infected with a bovine eNOS adenovirus (Ad-eNOS; 1 plaque forming unit/cell) and TIMP-3 mRNA levels were subsequently analyzed by real-time RT-PCR. As shown in Fig. 1A and B, infection of cardiomyocytes with Ad-eNOS inhibited TIMP-3 expression and increased NO production (P b 0.05). Treatment of cardiomyocytes with a pharmacological NO donor SNAP (10 μM) for 4 h increased NO levels by about 3 fold (P b 0.05) and resulted in a significant reduction in TIMP-3 expression (P b 0.05, Fig. 1C ). These findings were further confirmed by transgenic eNOS overexpression (eNOSTg). TIMP-3 expression was significantly reduced in neonatal cardiomyocytes isolated from eNOS overexpressing mice (P b 0.05, Fig. 1D ).
To examine if iNOS was involved in the regulation of TIMP-3 expression in the present study, cultured neonatal cardiomyocytes were treated with a selective iNOS inhibitor 1400 W (10 μM, 6 h). 1400 W did not significantly alter TIMP-3 mRNA/28S rRNA ratio in WT cardiomyocytes (0.11 ± 0.01 vs. 0.13 ± 0.02, n = 3 independent experiments, P = n.s.). Furthermore, TIMP-3 mRNA levels were similar between WT and iNOS −/− cardiomyocytes (0.10 ± 0.01 vs. 0.11 ± 0.01, n = 3 independent experiments, P = n.s.).
Elevation of TIMP-3 mRNA expression in eNOS
−/− cardiomyocytes Having determined that eNOS overexpression resulted in reduced levels of TIMP-3, it was predicted that deficiency in eNOS or inhibition of eNOS activity would result in elevated TIMP-3 levels. To test this hypothesis, TIMP-3 mRNA expression was measured in eNOS −/− and WT cardiomyocytes treated with or without an NOS inhibitor N ω -nitro-L-arginine methyl ester (L-NAME, 300 μM). The data showed that TIMP-3 mRNA levels were significantly elevated in both eNOS Fig. 1E ) and in WT cardiomyocytes treated with L-NAME as compared to controls (P b 0.05, Fig. 1F ).
NO from eNOS regulates TIMP-3 protein expression in cardiomyocytes
TIMP-3 protein levels were determined by Western blot analysis. TIMP-3 protein expression was significantly decreased by eNOS transgenic overexpression (P b 0.05, Fig. 2A ) and by SNAP treatment (P b 0.05, Fig. 2B ). Interestingly, TIMP-3 protein levels were significantly increased in eNOS −/− compared to WT cardiomyocytes (P b 0.05, Fig. 2C ). These data are consistent with the changes in mRNA expression shown in Fig. 1. 
NO from eNOS inhibits TIMP-3 expression via S-nitrosylation
To elucidate the mechanism by which NO modulates TIMP-3 mRNA expression, S-nitrosylation was examined. To that end, cardiomyocytes were treated with Ad-eNOS or Ad-GFP in the presence or absence of dithiothreitol (DTT, 200 μM), a thiol-reducing agent known to reverse S-nitrosylation. As shown in Fig. 3 , DTT treatment reversed the effect of AdeNOS on TIMP-3 expression (P b 0.05), suggesting that NO production from eNOS inhibits TIMP-3 expression via Snitrosylation in mouse neonatal cardiomyocytes.
NO from eNOS induces S-nitrosylation of activating protein-1 (AP-1) and decreases TIMP-3 expression in cardiomyocytes
Studies have shown that AP-1 is a critical transcriptional regulator of TIMP-3 expression [12] . To confirm the role of AP-1 in the regulation of TIMP-3 expression, WT cardiomyocytes were treated with an AP-1 decoy (2.5 μM, 8 h), which consists of a double stranded oligonucleotide containing the consensus binding sites for AP-1 (5′-CGCTTGATGAGT-CAGCCGGAA-3′). Data showed that the AP-1 decoy significantly decreased TIMP-3 expression (P b 0.05, Fig. 4A ), suggesting an important role for AP-1 in the regulation of TIMP-3 expression in neonatal cardiomyocytes. It is well established that NO can inhibit AP-1 activity via S-nitrosylation of its subunits (c-jun/c-fos) [18] . To determine if NO modulates TIMP-3 expression through the S-nitrosylation of AP-1, cardiomyocytes were treated with Ad-eNOS and Ad-GFP in the presence or absence of DTT. Total protein was extracted from these cells and samples were then subjected to immunoprecipitation with a c-jun antibody. Subsequently, NO was released from the S-nitrosylated bonds using 100 μM mercuric chloride and NO levels were measured using DAF-FM. Treatment of neonatal mouse cardiomyocytes with Ad-eNOS significantly increased S-nitrosylation of c-jun, and this effect of Ad-eNOS was reversed by DTT treatment (P b 0.05, Fig. 4B ). These results were further confirmed by the direct detection of c-jun S-nitrosylation using Western blot analysis. Ad-eNOS significantly increased the S-nitrosylated c-jun protein levels, and this was reversed by DTT treatment (P b 0.05, Fig. 4C ).
TIMP-3 inhibits proliferation in cardiomyocytes
As the current study showed that NO inhibited TIMP-3 expression in cardiomyocytes, the effect of TIMP-3 on cell proliferation was further investigated. To that end, WT and TIMP-3 −/− cardiomyocytes were cultured and treated as described in the methods. Cell proliferation was assessed 72 h post-seeding by direct counting using a haemocytometer (Fig. 5A) and verified using the CyQUANT cell proliferation kit (Fig. 5B) . Our data showed that cell number was significantly higher in the TIMP-3 −/− as compared to WT cardiomyocytes (P b 0.05, Fig. 5A and B) . Furthermore, addition of recombinant mouse TIMP-3 (rTIMP-3) significantly lowered cell numbers in both WT and TIMP-3 −/− cardiomyocyte cultures (P b 0.05, Fig. 5A and B) .
NO from eNOS promotes cardiomyocyte proliferation via inhibition of TIMP-3
We recently demonstrated that eNOS promotes cardiomyocyte proliferation [7] . Consistent with this finding, the present study showed that proliferation was decreased in eNOS −/− cardiomyocytes (Fig. 6A) . Treatment with an NO donor DETA-NO restored proliferation in eNOS −/− cardiomyocytes (Fig. 6B) . Furthermore, transgenic eNOS overexpression significantly increased cardiomyocyte proliferation compared to the WT controls (Fig. 6C) . These data further support the notion that NO production from eNOS promotes cardiomyocyte proliferation. To investigate the role of TIMP-3 in eNOS-mediated cardiomyocyte proliferation, WT and eNOS −/− cardiomyocytes were treated with an anti-TIMP-3 antibody. Inhibition of TIMP-3 activity by anti-TIMP-3 antibody significantly increased proliferation in both WT and eNOS −/− cells (Fig. 6A) . In addition, treatment with recombinant TIMP-3 significantly inhibited proliferation in both WT and eNOS-Tg cardiomyocytes (Fig. 6C) .
Effects of TIMP-3 and eNOS on p21 and p27 mRNA expression in cardiomyocytes
In order to investigate mechanisms by which TIMP-3 and eNOS regulate cardiomyocyte proliferation, mRNA levels of cyclin-dependent kinase inhibitors p27 and p21 were determined by real-time RT-PCR ( Fig. 7A and B) . Results showed that recombinant TIMP-3 significantly increased p21 and p27 mRNA expression (P b 0.05). Compared to WT controls, the expression of both p21 and p27 was decreased in eNOS-Tg and TIMP-3 −/− cardiomyocytes (P b 0.05). Interestingly, deficiency in eNOS significantly increased p27 but not p21 expression ( Fig. 7A and B) . These data demonstrated that TIMP-3 and eNOS modulate p21 and p27 expression in cardiomyocytes.
In vivo cardiomyocyte proliferation in neonatal hearts
To further demonstrate the effects of TIMP-3 and eNOS on neonatal cardiomyocyte proliferation in vivo, Ki67 immunostaining was performed in postnatal day 1 hearts. Consistent with cardiomyocyte proliferation in cell culture experiments (Figs. 5 and 6), nuclear Ki67 positive staining was decreased in eNOS −/− hearts, but significantly increased in eNOS-Tg and TIMP-3 −/− hearts compared to WT controls (P b 0.05, Fig. 8 ).
TIMP-3 does not increase apoptosis in cardiomyocytes
In order to determine if recombinant TIMP-3 treatment has any effect on cardiomyocyte apoptosis, WT cardiomyocytes were cultured and treated with 1 μg/ml recombinant TIMP-3 for 54 h. TUNEL staining and measurement of caspase-3 activity were performed 72 h post seeding. Our data showed that recombinant TIMP-3 had no significant effect on TUNEL staining (6.2 ± 0.9% vs. 5.7 ± 1.4%) or caspase-3 activity in cardiomyocytes (0.95 ± 0.25 vs. 0.81 ± 0.14 pmol/μg protein, n = 4 independent experiments per group, P = n.s.).
Discussion
We recently demonstrated that eNOS promotes cardiomyocyte proliferation in the early postnatal hearts [7] . However, mechanisms by which eNOS regulates cardiomyocyte proliferation are not fully understood. The major finding of the present study is that TIMP-3 inhibits the proliferation of neonatal mouse cardiomyocytes. We demonstrated for the first time that deficiency of eNOS increases TIMP-3 expression and decreases cardiomyocyte proliferation via modulation of p27.
NO produced from eNOS inhibits TIMP-3 expression via Snitrosylation of AP-1 in cardiomyocytes. Our study suggests that eNOS is important in regulating TIMP-3 expression and cardiomyocyte proliferation.
Studies have shown that NO regulates TIMP-3 expression in several cell types. For example, treatment with an NOS inhibitor L-NAME increases TIMP-3 expression in mouse uteri during peri-implantation [26] . Similarly, NO production from murine mammary adenocarcinomal cells inhibits TIMP-2 and TIMP-3 expression [27] . Although the specific NOS isoforms responsible for the effects are not defined in these studies, the results do suggest that endogenous NO production inhibits TIMP-3 expression. To our knowledge however, there is no report on the effects of NO on TIMP-3 expression in cardiomyocytes. In the present study, overexpression of eNOS using Ad-eNOS and eNOS transgenic mice (eNOS-Tg) resulted in a significant decrease in TIMP-3 expression in cardiomyocytes. Furthermore, NOS inhibition with L-NAME or deficiency in eNOS gene significantly increased TIMP-3 expression in cardiomyocytes. Thus, our study provides strong evidence for an inhibitory effect of eNOS-derived NO on TIMP-3 expression in cardiomyocytes.
Mechanisms by which NO inhibits TIMP-3 are not known. Studies have shown that TIMP-3 expression is predominantly regulated by AP-1 in the mouse JB6 cells [12] . In the present study, treatment with an AP-1 decoy decreased TIMP-3 expression suggesting that AP-1 is a major regulator of TIMP-3 in cardiomyocytes. NO has been shown to inhibit AP-1 activity through S-nitrosylation [18] . We treated cardiomyocytes with DTT, a reducing agent known to reverse S-nitrosylation [28] . DTT restored TIMP-3 expression in the Ad-eNOS treated cardiomyocytes, suggesting that NO production from eNOS mediates its inhibitory effect on TIMP-3 through S-nitrosylation. AP-1 is a heterodimer consisting mainly of c-jun and c-fos subunits. To further confirm AP-1 nitrosylation by eNOS, immunoprecipitation and Western blot analysis were performed. Data showed that eNOS increased S-nitrosylation of c-jun in cardiomyocytes, and that DTT treatment reversed this effect. Taken together, our results suggest that NO from eNOS inhibits TIMP-3 expression in cardiomyocytes at least in part by inhibiting AP-1 activity via S-nitrosylation of c-jun.
TIMP-3 has been shown to regulate cell proliferation. However, depending on the cell types studied, TIMP-3 has either inhibitory or stimulatory effects on proliferation. For example, TIMP-3 inhibits proliferation of endothelial cells [29] and rat vascular smooth muscle cells [16] . In contrast to these findings, several studies have shown that TIMP-3 promotes proliferation in embryonic chicken fibroblasts in vitro [30] and bronchiole epithelial cells during fetal development in vivo [31] . A novel finding of the present study is that cell proliferation was increased in TIMP-3 −/− compared to WT cardiomyocytes. Treatment with a recombinant TIMP-3 protein inhibited proliferation in both TIMP-3 −/− and WT cardiomyocytes. Furthermore, in vivo cardiomyocyte proliferation was increased in TIMP-3 −/− neonatal hearts compared to WT controls. These results demonstrated an inhibitory role of TIMP-3 on cardiomyocyte proliferation. NO production from eNOS promotes cardiomyocyte proliferation [7] . In the present study, cardiac specific eNOS overexpression increased cardiomyocyte proliferation in vivo in neonatal hearts, providing further support to this notion. However, mechanisms by which eNOS affects cardiomyocyte proliferation are not fully understood. Based on the finding that NO production from eNOS inhibits TIMP-3 expression and recombinant TIMP-3 inhibits cardiomyocyte proliferation, we studied the role of TIMP-3 in the proliferation of eNOS cardiomyocytes. These results suggest that the decreased proliferation of eNOS −/− cardiomyocytes is mediated at least in part by elevated levels of TIMP-3. We recently showed that deficiency in eNOS results in congenital septal defects in mice [6] . Whether increased TIMP-3 expression contributes to these pathological changes in eNOS −/− mice requires further investigation.
Mechanisms by which TIMP-3 regulates neonatal cardiomyocyte proliferation are not known. Studies have shown that TIMP-3 overexpression inhibits vascular smooth muscle cell proliferation independent of protease inhibitory activity. Furthermore, TIMP-3 induces expression of the cyclindependent kinase inhibitor p21, which inhibits cell proliferation [16] . The cardiac cell cycle is tightly controlled by numerous regulatory proteins including cyclins, cyclindependent kinases, and cyclin-dependent kinase inhibitors including p21 and p27 [32, 33] . As such, we studied the effects of TIMP-3 and eNOS on p21 and p27 expression. Data showed that recombinant TIMP-3 increased p21 and p27 mRNA expression. Interestingly, p27 mRNA levels were also increased in eNOS −/− cardiomyocytes while both p21 and p27 mRNA levels were decreased in eNOS-Tg and TIMP-3 −/− cardiomyocytes. Our study suggests that eNOS and TIMP-3 regulate neonatal cardiomyocyte proliferation via modulation of p21 and p27 expression. Since the present study was conducted on postnatal day 1 hearts, the effects and mechanisms identified herein may not be applicable to adult cardiomyocytes, which have very limited ability to proliferate. Both eNOS and TIMP-3 protein sequences share 94% and 96% homology, respectively between mouse and human. However, whether eNOS and TIMP-3 regulate neonatal cardiomyocyte proliferation in humans in the same manner as in mice remains to be determined.
Previous studies have shown that TIMP-3 induces apoptosis through a caspase-dependent pathway in HeLa cells and rat vascular smooth muscle cells [16, 34] . As changes in apoptosis may affect cell proliferation, we wanted to determine whether TIMP-3 has any effect on cardiomyocyte apoptosis. To that end, we performed TUNEL staining and measured caspase-3 activity, a terminal caspase involved in TIMP-3 induced apoptosis [34] . Our data showed that recombinant mouse TIMP-3 did not increase TUNEL positivity or caspase-3 activity in cardiomyocytes. These findings indicate that the decline in cardiomyocyte proliferation by recombinant mouse TIMP-3 treatment is not due to an increase in apoptosis. Our previous studies have shown that eNOS is important in protecting cardiomyocytes from apoptosis [6] . Mechanisms of NO-mediated protection are likely via upregulation of Bcl-2, heme oxygenase-1 and heat shock proteins [4] . In the present study, TIMP-3 was regulated by eNOS but did not affect cardiomyocyte apoptosis, suggesting that modulation of TIMP-3 may not mediate the anti-apoptotic effect of eNOS.
In summary, the present study demonstrates that TIMP-3 inhibits the proliferation of neonatal mouse cardiomyocytes. NO inhibits TIMP-3 expression through S-nitrosylation of AP-1. Furthermore, deficiency in eNOS increases TIMP-3 expression and decreases cardiomyocyte proliferation. Our study suggests that eNOS promotes neonatal cardiomyocyte proliferation by inhibiting TIMP-3 expression.
